Tropical climate variability from the last glacial maximum to the present by Dahl, Kristina A.
Tropical Climate Variability from the Last Glacial
Maximum to the Present
by
Kristina Ariel Dahl
B.A. Boston University, 1999
Submitted to the MIT/WHOI Joint Program in partial fulfillment of the
requirements for the degree of .
Doctor of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
and the
WOODS HOLE OCEANOGRAPHIC INSTITUTION
September, 2005
@MMV Kristina Ariel Dahl
All rights reserved.
The author hereby grants to MIT and WHOI permission to reproduce paper
and electronic copies of this thesis in whole or in part and to distribute
them publicly.
Signature of Author. k ba.~..
Joint Program in Oceanography
Massachusetts Institute of Technology
and Woods Hole Oceanographic Institution
Certified by !J~.~'.~~~~
Dr. Delia Oppo
Thesis Supervisor
Woods Hole Oceanographic Institution
Accepted by ifM7:;teij;?fiiill.
Chair, Joint Committee for Mari~e Geology and Geophysics
Associate Scientist
Woods Hole Oceanographic Institution
Tropical Climate Variability from the Last Glacial Maximum·tothe
Present
by
Kristina Ariel Dahl
Submitted to the Department of Marine Geology and Geophysics,
Massachusetts Institute of Technology-Woods Hole Oceanographic Institution,
Joint Program in Oceanography
on May 20, 2005, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
Abstract
This thesis evaluates the nature and magnitude of tropical climate variability from the
Last Glacial Maximum to the present. The temporal variability of two specific tropical
climate phenomena is examined. The first is the position of the Intertropical Convergence
Zone (ITCZ) in the Atlantic basin, which affects sea surface temperature (SST) and precip-
itation patterns throughout the tropical Atlantic. The second is the strength of the Indian
Monsoon, an important component of both tropical and global climate.
Long-term variations in the position of the ITCZ in the Atlantic region are determined
using both organic geochemical techniques and climate modeling. Upwelling in Cariaco
Basin is reconstructed using chlorin steryl esters as proxies for phytoplankton community
structure. We find that the diatom population was larger during the Younger Dryas cold
event, indicating that upwelling was enhanced and the mean position of the ITCZ was
farther south during the Younger Dryas than it is today. A climate simulation using an
ocean-atmosphere general circulation model confirms these results by demonstrating that
the ITCZ shifts southward in response to high-latitude cooling.
The climate of the Arabian Sea region is dominated by the Indian Monsoon. Results
from modem sediments from a suite of cores located throughout the Arabian Sea suggest
that wind strength is well represented by the accumulation rate and carbon isotopic compo-
sition of terrestrially-derived plant waxes in sediments. Arabian Sea SST patterns, recon-
structed from a suite of sediment cores representing four time slices utilizing the Mg/Ca
SST proxy, suggest that both the summer and winter monsoons were enhanced 8,000 yr BP
relative to today while the summer monsoon was weaker and the winter monsoon stronger
at 15,000 and 20,000 yr. These results are confirmed by a time-series reconstruction of SST
on the Oman Margin that reveals that SST at this site is sensitive to both regional and global
climate processes. The results of this thesis demonstrate that tropical climate, as evaluated
by a number of different proxies as well as climate models, has varied substantially over
the past 20,000 years and is closely coupled to climate at high-latitudes.
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Chapter 1
Introduction
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The tropics, delimited by the Tropic of Cancer to the north and the Tropic of Capricorn
to the south, cover 50% of Earth's surface area. While this balmy band of latitude is
generally known for its relatively stable year-round climate, the tropics are, in fact, home
to some of the most dramatic and influential climatic processes that take place on Earth.
Phenomena such as the El Nino Southern Oscillation (ENSO) and the Asian monsoon
system have climatically and societally relevant impacts not only within the tropical regions
in which they occur, but also throughout extratropical regions (Webster, 1987; Lau and
Nath, 1996; Klein et aI., 1999).
The exact nature of the climatic interactions occurring between the tropics and extrat-
ropics remains an open question. Over the course of the glacial-interglacial cycles of the
past 800,000 years, the high latitudes have experienced much larger fluctuations in cli-
mate than the low latitudes. This pattern of large changes within high latitudes and small
changes in the tropics was demonstrated most effectively by the CLIMAP study of 1981, a
study of global sea surface temperatures at the Last Glacial Maximum (,,-,20,000 years ago;
CLIMAP Project Members, 1981). The CLIMAP study led to the widely held belief that
the high latitudes were the drivers of climate change while the tropics were simply passive
recorders of the propagation of high latitude signals to lower latitudes (e.g. Porter and An,
1995). In the past decade, however, that view has been challenged by a growing number
of studies suggesting that tropical climate undergoes much larger changes than implied by
CLIMAP (e.g. Hostetler and Mix, 1999) and by a growing understanding of the propa-
gation of tropical climate signals into higher latitudes (Trenberth et aI., 1998). This has
led some to suggest that global climate can be driven by tropical processes (Cane, 1998;
Clement and Cane, 1999; Clement et al., 2001). The contrast between the results of the
CLIMAP study and those of subsequent studies has fueled much research into the nature
and variability of tropical climate.
Until recently, paleoclimate research was primarily focused on the high latitudes. Po-
lar ice cores (e.g. Petit et aI., 1999) have provided very detailed records of Quaternary
climate variability in the high latitudes while comparable resolution records of tropical cli-
mate variability are just beginning to emerge (e.g. Haug et aI., 2001; Wang et al., 2001).
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In order to evaluate the the relationship between tropical and extratropical climate on long
(i.e. millennial to orbital) timescales, it is critical to develop high quality climate records
from throughout the tropical region such that they can be compared to the wealth of infor-
mation from the extratropics. This thesis focuses on two tropical climate phenomenon that
are strongly connected to high latitude climate in the modern climate regime. Chapters 2
and 3 examine variations in the latitudinal position of the Intertropical Convergence Zone
(ITCZ) in the tropical Atlantic during the Younger Dryas cold event. Chapters 4-6 focus on
fluctuations in the strength of the Indian Monsoon from the Last Glacial Maximum (LGM)
to the present.
1.1 Tropical Atlantic Climate and the ITCZ
The ITCZ is a band of low atmospheric pressure generated by the convergence of the
trade wind systems of the northern and southern hemispheres. This band, which is charac-
terized by high precipitation, migrates seasonally between lOON and 50 S. During northern
hemisphere (i.e. boreal) summer, the ITCZ is at its northermost position, and northern
South America is relatively dry. High precipitation occurs in northern South America dur-
ing boreal winter, when the ITCZ migrates into the southern hemisphere. Similar seasonal
. precipitation variations occur over the African continent, although the distribution of pre-
cipitation over land is highly dependent upon the geographic configuration of the continent.
Over Africa, the ITCZ manifests itself as a latitudinally defined band over northern Africa
during boreal summer and a 7-shaped region of relatively high precipitation during boreal
winter.
The ITCZ preferrentially migrates to the warmer hemisphere such that when the North-
ern Hemisphere is cold, the ITCZ migrates into the Southern Hemisphere (Broccoli et al.,
2005). This migration can be observed today on seasonal timescales both in models and
in nature and has been postulated to occur on longer (i.e. millennial to orbital) timescales
(Haug et ai., 1998). If this is the case, then paleoclimate records of precipitation and/or
trade wind strength throughout the tropical Atlantic should be able to detect long-term
changes in the mean position of the ITCZ. Several studies have suggested that the mean
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position of the ITCZ was further south than it is today during the Younger Dryas, a cold
event that began about 13,000 years ago (13 ka) and lasted roughly 1300 years (Hughen
et al., 1996; Lin et aI., 1997; Lea et ai., 2003; Hughen et al., 2004). This thesis presents
two lines of evidence suggesting that, indeed, it is likely that the ITCZ was further south
during the Younger Dryas than it is today.
1.1.1 Reconstructing the phytoplankton community of the Cariaco
Basin during the Younger Dryas
The Cariaco Basin, located just north of Venezuela, is uniquely positioned to record
changes in the position of the ITez. During boreal winter, strong trade winds induce up-
welling and, in turn, strong primary productivity, in the basin. During boreal summer,
the trade winds over the basin ease and upwelling ceases. These seasonal changes in up-
welling and primary productivity are associated with seasonal variability in the types of
phytoplankton that populate the upper water column (de Miro, 1971; Ferraz-Reyes, 1983;
Muller-Karger et al., 2001). Chapter 2 of this thesis utilizes a suite of organic biomarkers,
chlorin steryl esters (CSEs), as tracers of the abundance of various phytoplanktonic classes,
such as diatoms and dinoflagellates, through time. These compounds are widespread in
marine and lacustrine environments and have been shown to be relatively resilient to dia-
genesis (Talbot et al., 1999a, 2000, and references therein), making them ideal biomarkers.
This work is the first to apply CSEs to the reconstruction of past environments. The data
presented in Chapter 2 suggest that CSEs can yield valuable information about the struc-
ture of phytoplankton communities in the past. Furthermore, it is shown that, during the
Younger Dryas cold event, the phytoplankton community in the Cariaco Basin underwent
dramatic and rapid changes that imply significantly enhanced upwelling in the basin during
the Younger Dryas. This scenario is consistent with a southward migration of the ITCZ
during this time.
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1.1.2 North Atlantic freshwater forcing as a driver of tropical Atlantic
climate change
Chapter 3 presents further evidence for a southward shift of the ITCZ during North
Atlantic cold events, this time as determined from the results of a modeling study. In this
study, freshwater was applied to the North Atlantic region of a coupled ocean-atmosphere
general circulation model. The motivation for perfoming such an experiment stems from .
the hypothesis that millennial-scale climate changes can be driven by rapid inputs of fresh-
water to the North Atlantic (Broecker et al., 1985, 1988). Such freshwater inputs may
weaken the formation of North Atlantic Deep Water (NADW) and, as a consequence, cause
changes in climate by redistributing the heat normally transported via the NADW over-
turning cell. Historically, such modeling experiments have been unable to simulate large
changes outside of the North Atlantic region. By performing an ensemble of three identical
experiments, this study shows that climate change within the North Atlantic region does,
indeed, have an effect on the climate of the tropical Atlantic. Specifically, when the North
Atlantic cools, tropical Atlantic sea surface temperatures warm and the ITCZ shifts south-
ward, altering precipitation patterns throughout South America and Africa. These changes
are generally consistent with Younger Dryas climate reconstructions from throughout the
tropical Atlantic basin, although the magnitude of change predicted by the model is smaller
than that implied by the paleoclimate reconstructions.
1.2 The Indian Monsoon
The word "monsoon" is derived from the Arabic "mausem" meaning "season." All
monsoons are characterized by a seasonal reversal in wind direction caused by differential
heating between land and ocean. The Indian Monsoon is a particularly vigorous monsoon
system due to the presence of the Tibetan Plateau, which serves to amplify the differential
heating. During boreal summer, the Asian continent is heated more effectively than the
Arabian Sea, causing a gradient from higher pressure over the ocean to lower pressure
over the land. This pressure gradient drives moisture-laden winds from the southwest
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over the Arabian Sea and onto the Asian continent, bringing heavy rain to India. During
boreal winter, the pressure gradient is reversed and dry winds blow from the northeast from
the continent to the Arabian Sea. The seasonal cycle of rains and droughts in monsoon-
affected regions has a significant impact on the lives of millions of people, particularly those
whose livelihood depends upon agriculture. Understanding the full range of monsoonal
variability under a variety of climate regimes is critical to the development and sustainablity
of monsoon-affected communities and cultures. This thesis examines the history of the
Indian Monsoon from the LGM to the present using two different approaches.
1.2.1 Plant waxes as tracers of monsoon winds
Terrestrial plant leaf waxes, produced by all higher plants (Gulz, 1994), contain a suite
of organic compounds that are ablated from living plants and delivered to the marine envi-
ronment by wind (e.g. Hadley and Smith, 1989; Ohkouchi et aI., 1997; Huang el al., 2000;
Rommerskirchen et ai., 2003). Because the presence of these compounds in marine sedi-
ments indicates a terrestrial source, plant waxes can be used to reconstruct the strength and
source of winds. Chapter 4 presents a quantification and carbon isotopic analysis of plant
waxes in core-top (i.e. modem) sediments from throughout the Arabian Sea. As is evident
from the map views contained within Chapter 4, these data suggest that plant waxes are de-
livered to the Arabian Sea by summer monsoon winds, winter monsoon winds, and summer
northwesterly winds from the Arabian Peninsula/Mesopotamian region. The west-to-east
carbon isotopic gradient of the plant waxes appears to be a good proxy for the strength and
position of the summer monsoon winds. Determination of this gradient through time would
therefore be a valid means by which to reconstruct summer monsoon winds.
1.2.2 Arabian Sea sea surface temperatures as tracers of monsoon
strength
The summer monsoon winds over the Arabian Sea induce a strong coastal upwelling
system offshore of Somalia and Oman. This upwelling depresses sea surface temperatures
(SST) in the western Arabian Sea by 4°C relative to the eastern Arabian Sea. Recon-
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